The study of the toxicity, biocompatibility, and environmental sustainability of room-temperature Ionic Liquids (ILs) is still in its infancy. Understanding the impact of ILs on living organisms, especially from the aquatic ecosystem, is urgent, since on one side large amounts of these substances are widely employed as solvents in industrial chemical processes, and on the other side evidences of toxic effects of ILs on microorganisms and single cells have been observed. To date, the toxicity of ILs have been investigated by means of macroscopic assays aimed at characterizing the effective concentrations (like the EC50) that cause the dead of a significant fraction of the population of microorganisms and cells. These studies allowed to identify the cell membrane as the first target of the IL interaction, whose effectiveness was correlated to the lipophilicity of the cation, i.e. to the length of the lateral alkyl chain. Our study aimed at characterizing the molecular mechanisms of the toxicity of ILs. To this purpose, we carried out a combined topographic and mechanical analysis by Atomic Force Microscopy of living breast metastatic cancer cells (MDA-MB-231) upon interaction with imidazolium-based ILs. We showed that ILs are able to induce modifications of the overall rigidity (effective Young modulus) and morphology of the cells. Our results demonstrate that ILs act on the physical properties of the cell membrane, and possibly induce cytoskeletal reorganization, already at concentrations below the EC50. These potentially toxic effects are stronger at higher IL concentrations, as well as with longer lateral chains in the cation.
Introduction
Room-Temperature Ionic Liquids (RTILs, or simply ILs) are used as effective and tunable new solvents in several applications. 1, 2 ILs represent an interesting alternative to the standard aqueous electrolytes in applications aimed at the conversion and storage of energy, such as electrochemical supercapacitors, 3, 4 Grätzel solar cells, 5 and Li-ion batteries, 6, 7 as well as good lubricants in micro-electro-mechanical devices. 8 ILs are also widely employed as solvents in several industrial chemical processes, for example, a recent commercialization of RTIL technology from gram to ton scale was performed by Petronas in Malaysia in order to remove hazardous Hg contaminants from natural gas. 9 The massive use of ILs in industrial processes raise concerns due to the possibility that upon leakage or spill these substances contaminate the (aqueous) ecosystem. 10, 11 Despite the fact that a green label is often attributed to ILs by virtue of their controlled flammability, miscibility, and negligible vapor pressure, 2 which are expected to mitigate environmental contamination in the event of leakages, a potential hazard of ILs for living organisms in the aqueous medium, or upon direct contact with humans, cannot be excluded. 12 In this framework, the study of IL toxicity is challenging due not only to the huge variety of these substances, but also because of the diverse nature of the biological systems and environments that represent the potential target of the IL toxicity. Nevertheless, a rigorous investigation on the interaction of ILs with living organisms is important to design environmentally sustainable ILs, and fully exploit their potential in different fields.
Alongside with the toxicological characterization, the investigation of ILs interacting with biological matter can be important for several applications exploiting their tunable chemical and physical properties.
For example, in pharmacology, 13, 14 ILs are tested as anti-cancer, [15] [16] [17] antimicrobial treatment [18] [19] [20] or as media for extraction and purification of proteins. 21 ILs can be used as thin conductive films covering delicate cells/tissues specimens for scanning electron microscopy (SEM) investigation. 22, 23 These treatments could decrease time and efforts for preparation of biological samples prior SEM, although ingress of ions and water exclusion could produce dehydration of cells/tissues. A progressive uptake of IL in the cytoplasmic region (especially at high IL concentrations) could be exploited for other diagnostic purposes, for example using ILs as preserving agents. Majewski et al. 24, 25 evaluated the potential of ILs as formaldehyde substituents, for embalming and preservation of biological tissues. At odds with formaldehyde, ILs do not bind proteins, therefore excluding stiffening effects induced by the cross-linking of the cytoskeletal filaments. Moreover, ILs restrain access of water by internal substitution, and they can kill bacteria and fungi, therefore inhibiting degradation. 25 Cellular toxicity is frequently assessed by characterizing the effective concentration EC50 of the substance, which induces the maximum effect (death in this case) in 50% of the cell population under test, after a standard period (usually 24h 28 and molecular dynamic simulations. [39] [40] [41] ILs were shown to be capable of strongly interacting with supported phospholipid structures, creating defects and perturbations, including structural rearrangement and fluidification, formation of holes, and complete disintegration of the assemblies. 26 Despite the study of the interaction of ILs with biomembranes is still in its infancy, the field is attracting increasing attention, due to the importance of unravelling the basic molecular mechanisms of the IL toxicity, as highlighted in two recent reviews and perspectives on this topic.
26, 42
However, the use of artificial membranes neglects important aspects of the more complex situation in cells, where the interaction of the membrane with the underlying cortical actin cytoskeleton is essential for the cellular physiology and functioning. Most evidently, this membrane/cytoskeleton linkage regulates structural aspects by defining the cell shape and biomechanical properties (e.g. tension), but it contributes also to cell signaling, and is therefore strongly involved in many cellular processes, such as cell adhesion, migration, division and differentiation. [43] [44] [45] In this study, we evaluated the morphological and mechanical modifications induced by three different 63 This protocol has been recently employed in our group to specifically detect modulations in the membrane/cytoskeleton interface during cell adhesion-and migrationrelated processes. 58, 64, 65 We focused our attention on the elastic properties of the cell outer envelope, composed by the cell membrane linked to the actin cytoskeleton, since this is the cell region where the first action of ILs is expected to take place.
26, 42 We have tested different anions for the same cation, and also different length of the lateral alkyl chain, in order to verify whether the IL action is correlated to its lipophilicity.
Materials and Methods

Ionic Liquids
The ILs used in the experiments are: 
Preparation of Living Cells Specimens for AFM Analysis
The MDA-MB-231 cell line were cultured in Dulbecco's modified eagle medium (DMEM) (Lonza)
supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), L-glutamine 5 mM, 100 units/ml penicillin and 100 units/ml streptomycin in 5% CO2, 98% air-humidified incubator (Galaxy S, RS Biotech, Irvine, California, USA) at 37°C. Cells were detached from culture dishes using a 0,25% Trypsin-EDTA in HBSS (SigmaAldrich), centrifuged at 1000 rpm for 5 minutes, and resuspended in the culture medium. Subcultures or culture medium exchanges were routinely established every 2nd to 3rd day into Petri dishes (diameter 10 cm). In order to thermalize the culture plates at a temperature close to 37 °C, a custom fluid transparent cell for AFM measurements was used. 61 The presence of the heated fluid cell does not affect significantly the transparency of the optical path, and allows to acquire measurements on the same sample for several hours (typically up to 6h) before the cells manifest signs of distress.
Measuring the Effective Young's Modulus of Living Cells
The general procedure used for the nanomechanical measurements on living cells and the complete analysis is exhaustively discussed in our recent methodological work. 61 Briefly, the measurements were performed with custom spherical colloidal probes. 63 Borosilicate glass microspheres were strongly attached to commercial AFM tipless cantilever. The radius of the sphere was characterized by means of AFM reverse imaging of the colloidal probe on a spiked grating (TGT1 from NT-MDT). 63 Compared to standard sharp tips, spherical tips are particularly suitable for nanomechanical experiments on living cells because their geometry is well-defined, and the pressure applied to the soft sample is reduced thanks to the increased surface area.
Using a larger micrometer-sized probe in nanoindentation experiments also allows a robust statistical averaging over a mesoscopic interaction area (volume), for the sake of better characterizing the effect of ILs on the cell membrane, yet providing a satisfactory lateral resolution compared to the typical cell dimensions.
The typical probe radius was about 5 m, and the cantilever force constant was about 0. All the experiments were performed in the cell culture medium, using the thermostatic fluid cell. Figure S1 in the Supporting Information shows that repeated imaging of the same cell with the colloidal probe for about two hours produced only minor damage and disruption to the cell, and almost no changes in the Young's modulus maps and histograms.
The contact part of each FC is analyzed using the Hertz model (Equation 1):
Here F is the applied force, δ the indentation, ν the Poisson's ratio, E the effective Young's modulus of the cell, and R the radius of the spherical probe. As shown in Figure S2a -b, adhesive interactions are negligible, ensuring the validity of the non-adhesive Hertz model. Moreover, the good overlap of approaching and retracting portions of the FCs ( Figure S2c ) shows that viscosity is not playing a relevant role, despite the ramp frequency is somewhat higher than usual. We have applied the finite thickness correction proposed by Dimitriadis et al. 68 , since this effect is stronger with colloidal, whose radius is comparable to the thickness of the cells (see Equation S1 in the Supporting Information, and the description therein). Noticeably, the application of the finite thickness correction and the corresponding renormalization of the Young's modulus values, allowed us to exploit the mechanical data from the entire surface of the cell, and not only from the thicker region (the nuclear region). In particular, regions like lamellipodia, or the cytoplasmic protrusions, can be very informative, since they are rich(er) of actin cytoskeleton elements.
The Hertz model requires homogenous and isotropic samples, while living cells are definitely heterogeneous and anisotropic. The cells can be considered as effective multi-layered systems, in order to take into account the complex cytoskeletal structure, 69 and in particular the contribution of the external membrane-actin layer, and of the internal portions of the cytoskeleton. In order to consider the most external layers of the cell, For each cell condition, (exact number N of cells used for statistic is shown in Table 1 ), the mean Young's modulus value E, and its associated effective errors (standard deviation  and standard deviation of the mean E) have been calculated, following the procedure described in details in Ref. 61, 72 The results are therefore presented as E ±  (± E). Young's modulus values are typically represented in a semilog10 scale.
Results and Discussion
The morphological and nanomechanical AFM investigation was aimed at studying the interactions of Figure 1a and Figure 2a ), other cells were more rounded (Figure 3a) . Cells grown in bigger colonies (not shown) were avoided during the AFM analysis. Indeed, in the Supporting Information, it is documented that we found and analyzed a variety of morphological shapes for all used ILs.
We also noticed a variation in the average Young's modulus for the control cells (before interaction with ILs, see Table 1 ). This variability reflects the nature of the MDA-MB-231 cell line that is characterized by a high morphological diversity, and by the presence of various cell subpopulations. 77 Differences in the baseline do not affect the conclusions of this work, since the effects of the ILs were always assessed relatively to the specific control samples (see the Supporting Information for the complete data for the different experimental conditions).
Effect of the Short Lateral Chain (Table S1 ). The exact threshold however cannot be predicted precisely, since at present, to the best of our Concerning the role of the cation, we observe that the short-chain [C4MIM] + cation, in agreement with the idea that shorter alkyl chains are easily attracted to the membrane surface, partially modify the structure of the cell membrane and destabilize the compact structure of the phospholipid bilayer. This perturbation of the phospholipid network at low IL concentration (1 mM) could decrease the membrane tension (the area stretching module), determining a decrease of the apparent Young's modulus measured at shallow indentation. The perturbation at the membrane followed by destabilization is reported by recent molecular dynamics (MD) simulations describing a phospholipid bilayer interacting with several ionic liquids. 39, 40, 80 We cannot exclude that the Young's modulus decrease can also be due to cations crowding at the surface, causing osmotic unbalance, and triggering a moderate hyperosmotic shrinkage of the cell volume (evidence of shrinkage is reported in Table S2 ). This effect would lead to a relaxation of the membrane tension and therefore of the apparent Young's modulus of the cell (a dramatic reduction of the cell volume can lead in turn to internal crowding and overall stiffening of the cell, see discussion below). It was also recently measured the effect of ILs on gramicidin ion channels influencing ion passage regulation. 81 Eventually, based on our data, we notice that the cations of short-chain ILs could act similarly to cholesterol, which is known to increase at low concentration the fluidity of phospholipid bilayers, while at higher concentrations is able to induce ordering of the membrane, a reduction of the area per lipid, and an increase of its rigidity, although at higher concentrations other effects become dominant, as we discuss below. 82, 83 Therefore, destabilization and structural relaxation of membrane can cooperate to decrease the rigidity of the cell membrane-actin cytoskeleton interface. A possible explanation of the observed cell stiffening at higher IL concentrations is the following.
While at moderate IL concentrations the structural destabilization of the membrane-actin cytoskeleton interface prevails, at higher concentrations membrane damage and/or permeabilization, 84 with the consequent IL ingress into the cytoplasm, deeply influence cell metabolism and survival. This is confirmed by the observed compaction of the cell morphology, the cell membrane roughening (blebbing) and the formation of globular structures (see Figure 2j and Data S1, S2 in the Supporting Information), and by the eventual detachment of the cell from the substrate. All these symptoms are representative of cell in advanced state of apoptosis. The contraction of actomyosin during the early stage of apoptosis is known to cause blebs formation, with consequent increase of membrane tension and actin polymerization, [85] [86] [87] which is compatible with the increase of the Young's modulus. A similar behavior was reported by Wang et al. 88 ,
where HeLa cells treated with imidazolium-based ILs underwent apoptosis, showing vesicles in the cytoplasm, as well as surface blebs (confirmed by SEM analysis). Moreover, the increase of stiffness correlated with late apoptosis is well documented, especially in anti-cancer studies about drugs inducing apoptosis. [89] [90] [91] At high IL concentration (100 mM) a hyperosmotic shock could contribute to the cell shrinkage, in particular considering that the lipophilic nature of cations could further enhance the local crowding of ions near the membrane, and therefore increase the ionic concentration. This osmotic imbalance at extreme levels could produce cytoplasmic crowding due to cell volume reduction, inhibiting the mobility of internal organelles, increasing the cytoplasmic viscosity, and eventually increasing the Young's modulus. We analyzed cellular volumes from AFM morphologies shown in Figures 1-2 , and found a 40% decrease at 100 mM in comparison with control (data in Supporting Information, Table S2 ), such shrinking could be an effect of apoptosis, as well as of hyperosmotic shock, or a combination of both. This behavior is in agreement with the results reported by Zhou et al. 92 and Guo et al. 93 , where cells that were compressed by hyperosmotic stress show a progressive stiffening induced by cytoplasmic crowding, which is reminiscent of the glass transition for colloidal suspensions.
Effect of the long lateral chain
The 
Details of the analysis of force curves
Finite thickness correction. A requisite for the validity of the Hertz model is that the indentation is small compared to the thickness of the sample. When this condition is not satisfied, and the probe is indenting an elastic thin film supported by a hard surface, the material appears stiffer, due to the spatial confinement of the strain and stress fields. A safe condition is that the thickness should exceed by a factor of more than ten the indentation (for examples, see the difference in the F vs. indentation curves in Figure S1e ). Dimitriadis et al. 68 proposed a correction for the finite thickness effect that can be applied to force-indentation curves acquired using spherical tips. This correction is working with two different boundary conditions: bound cells (S1)
where the correction factor does depend on indentation, through the adimensional parameter = √ ℎ ⁄ (for spherical probes). h is the local sample thickness at zero force, i.e. the real thickness, from the uncompressed topographic map. Remarkably, the numerator in s represents the radius of the contact area, which is larger for colloidal probes than for standard sharp AFM tips.
Stability of the cell sample over time. Only minor modifications in morphological and mechanical properties of cells are evidenced in Figure S1 . Living cells (especially the MDA-MB-231 cell line derived from metastatic cancerous tissues) move, spread and reorganize their cytoskeletal structure during the measurements (20 min for a single FV; total time for the data presented in Figure S1 was 2 h). EC 50 
